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Abstract: We report an extraction-controlled terahertz (THz)-frequency quantum cascade laser
design in which a diagonal LO-phonon scattering process is used to achieve efficient current
injection into the upper laser level of each period and simultaneously extract electrons from
the adjacent period. The effects of the diagonality of the radiative transition are investigated,
and a design with a scaled oscillator strength of 0.45 is shown experimentally to provide the
highest temperature performance. A 3.3 THz device processed into a double-metal waveguide
configuration operated up to 123 K in pulsed mode, with a threshold current density of 1.3 kA/cm2
at 10 K. The QCL structures are modeled using an extended density matrix approach, and the
large threshold current is attributed to parasitic current paths associated with the upper laser
levels. The simplicity of this design makes it an ideal platform to investigate the scattering
injection process.
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1. Introduction
Terahertz-frequency quantum cascade lasers (THz QCLs) have undergone steady development
since their first demonstration in 2002 [1–5]. To date, their emission frequency has covered the
range from 1.2 THz to 5.2 THz [6, 7], and the maximum peak output power has reached 1.01 W
in pulsed mode at 10 K [8]. These improvements now establish THz QCLs as promising sources
for many applications including THz spectroscopy, remote sensing and THz imaging [9, 10].
However, the maximum operating temperature of THz QCLs to date is only 199.5 K [11], which
limits their practical use in many applications outside the laboratory environment. Improving the
performance of THz QCLs at higher temperatures is therefore of critical importance.
One of the main mechanisms attributed to the degradation of THz QCL performance with
increasing temperature is thermally activated longitudinal-optic (LO)-phonon scattering between
laser levels, which leads to a rapid loss of the population in the upper laser state at high
temperatures [12–14]. One solution to improve the performance at higher temperatures is to
suppress phonon scattering between the laser levels by using designs based on a diagonal
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Fig. 1. Calculated conduction band diagram and squared moduli of the electronic wave
functions of a three-level design (D2) in GaAs/Al0.15Ga0.85As at an electric field of
20.5 kV/cm. Subbands 2 and 1 are the laser levels, and the carriers are injected from subband
3 to 2 by LO-phonon scattering. The layer sequence of an active module and the design
parameters are listed in Table 1.
radiative transition [11, 15, 16]. Alternatively, an indirect injection scheme [17–22] can be used,
in which LO-phonon scattering replaces resonant tunneling for carrier injection; QCL devices
based on this indirect injection scheme have operated up to 163 K at 1.8 THz [19]. A simple
’extraction-controlled’ design has also been proposed [23], in which only one phonon scattering
process is employed to realize both carrier extraction and injection simultaneously; this contrasts
with the two LO-phonon scattering processes used for separate carrier extraction and injection in
previous indirect injection schemes. Here, we present a new extraction-controlled design in which
a diagonal LO-phonon extraction and injection stage is used to increase the carrier injection
efficiency. Our design has only three subbands within each module, and its simplicity makes it an
ideal platform to investigate the scattering injection process for high temperature operation of
THz QCLs.
2. Active region design
The conduction band profile and the squared moduli of the electronic wavefunctions of three
periods of our GaAs/Al0.15Ga0.85As structure at the design bias are shown in Fig. 1. The ground
states in three adjacent quantum wells are used to achieve the scattering injected design. Levels
2 and 1 are the laser states for the emission of THz radiation; level 3 behaves simultaneously
as the injector level of the same period and as the extractor level of the previous period. The
energy separation between levels 3 and 2 is designed to be equal to the LO-phonon energy,
enabling fast resonant LO-phonon scattering from level 3 to level 2. Owing to the strong coupling
between level 1 and level 3′′ (the injection level of the next period), the electrons in level 1
are extracted rapidly via resonant tunneling and subsequently by LO phonon scattering. This
leads to a short lifetime for level 1, and hence a population inversion between laser levels 2 and
1. The LO-phonon extraction/injection transition is spatially diagonal, with the carriers being
transported between two wells, separated by a thin injector barrier. The purpose of this is to
increase the carrier injection selectivity, and at the same time to maintain the strong LO phonon
scattering between level 3 and level 2. The lower laser level 1 is confined in the third quantum
well to make the radiative transition also diagonal in space, which helps to reduce the carrier
leakage from the upper laser level 2 to the lower levels. This diagonality is determined mainly
                                                                                           Vol. 24, No. 25 | 12 Dec 2016 | OPTICS EXPRESS 28585 
Table 1. Overview of the layer sequences and key parameters of the four designs. The
layer thicknesses of one active module are given with the Al0.15Ga0.85As barriers in bold
and GaAs wells in plain text. The underlined wells are doped with Si at the level of
2.66 × 1016 cm−3, 2.61× 1016 cm−3, 2.62× 1016 cm−3 and 2.58× 1016 cm−3 for D1 − D4
respectively, yielding average bulk level of 5.0 × 1015 cm−3 per period. E3−E2 is the energy
separation between subbands 3 and 2, E2 − E1 is the energy separation between subbands 2
and 1, f21 is the scaled oscillator strength, and ∆1′3 is the anticrossing gap energy of the
subbands 1′ and 3. The principal difference between the four designs is the optical transition
diagonality, which is characterized by f21.
Active region Thickness E3 − E2 E2 − E1 f21 ∆1′3
design (nm) (meV) (meV) (a.u.) (meV)
D1 4.4/5.6/1.2/7.7/2.8/8.1 34.8 16.3 0.32 6.7
D2 4.4/5.6/1.2/7.7/2.4/7.9 34.7 16.5 0.45 6.6
D3 4.2/5.5/1.2/8.1/2.0/7.8 34.6 16.4 0.62 6.7
D4 4.0/5.5/1.2/8.5/1.7/7.5 34.3 16.3 0.82 6.9
by the thickness of the radiation barrier, which separates the laser levels 2 and 1 into different
quantum wells. As summarised in Table 1, four structures have been investigated with different
degrees of optical transition diagonality.
3. Experiment results
The samples were grown on semi-insulating GaAs substrates by molecular beam epitaxy. A
300-nm-thick Al0.55Ga0.45As layer was first grown as an etch stop layer for use in the metal-metal
waveguide fabrication. Each QCL structure consisted of a 10-µm-thick periodic stack (consisting
of 336, 343, 348, and 353 periods for D1 − D4, respectively) of the three-well active modules,
embedded between two n+-GaAs layers. The lower GaAs layer was 100 nm thick and the upper
GaAs layer was 50 nm thick. Both layers were Si doped at a level of n = 5.0×1018 cm−3. Following
growth, the QCL wafers were thermo-compression bonded to n+-GaAs acceptor wafers, and
devices were fabricated using a gold-gold waveguide configuration [24]. After removal of the
growth substrate, a non-alloyed Ti/Au (10/150 nm) layer was deposited as the top waveguide
layer and the laser ridges were etched in a H2SO4 : H2O2 : H2O (1:8:1) solution. After substrate
thinning to a thickness of 180 µm, and back-side metallization, laser bars were cleaved and
indium-soldered to copper submounts. For the light power-current-voltage (L-I-V) and spectral
characterization, the devices were operated in pulsed mode with 2-µs-long pulses at a repetition
rate of 10 kHz and the laser emission was detected using a cooled Ge:Ga photoconductive
detector. In order to match the detector response time, the pulse train was gated with a slow
167 Hz modulation with 50% duty cycle. The output power was calibrated separately with an
absolute THz power meter (Thomas-Keating Instruments) using a gate frequency of 30 Hz.
Figure 2(a) shows the L-I-V curves measured for design D2, for which f21 = 0.45. The device
lased up to 123 K in pulsed mode, which is the maximum operating temperature of the four
designs. At a temperature of 10 K, the threshold current density (Jth) was 1.29 kA/cm2, the
peak output power was 4.8 mW at a current density of 1.60 kA/cm2, and the slope efficiency
was 14 mW/A. The peak power is comparable with other indirect injection designs [20-22],
but the current is much higher, resulting in significant Joule heating within the device. A
regression of the temperature evolution of the threshold current density to the empirical equation
Jth = J0 + J1exp(T/T0) yields the value T0 = 27 K. The small T0 indicates large thermally
activated current, resulting in a large threshold current density of 1.58 kA/cm2 at 123 K. The
emission spectra measured at a range of biases are shown in Fig. 2(b). The emission frequency
was centered at ∼ 3.1 THz at biases close to threshold, and a heat-sink temperature of 10 K.
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Fig. 2. (a) Output power-current density-applied voltage (L-I-V) characteristics of design D2
at various temperatures. (b) Spectra at various current densities and temperatures. The device
was 1000 µm long and 110 µm wide, processed into a gold-gold waveguide configuration,
and operated in pulsed mode with 2-µs-long pulses at a repetition rate of 10 kHz.
With increasing bias, the spectra broadened and multi-mode lasing behavior was observed over
the range 2.9 to 3.4 THz. When the temperature increased to 123 K, only the mode at 3.3 THz
remained. The I-V curve at 10 K exhibits three distinct step increases in the current density before
the threshold current is reached; the first increase to 0.20 kA/cm2, the second to 0.32 kA/cm2
and the third to 1.20 kA/cm2, with corresponding applied voltages roughly coincident with those
for the alignment of the subbands 1−1′′, 1−2′′ and 2−3′′, respectively. These three increases of
current are indicative of parasitic paths for the carrier transport, which might be related to the
resonant coupling of the subbands described above. At elevated temperatures, the onset bias of
the third current step decreases to 10.2 V, indicating thermal activation of the parasitic path.
The device performance is dependent on the diagonality of the optical transition. Four designs
(D1 − D4) with f21 varying from 0.32 to 0.82 were investigated, and the I-V curves and emission
spectra measured at 10 K are compared in Fig. 3. As shown in Fig. 3(b), similar lasing frequencies
at the design bias indicate good control over the material growth. The differences in the I-V
curves and the maximum operating temperatures can, therefore, be attributed principally to the
difference in the oscillator strength f21. The key features of the I-V curves are the same in each
case, i.e., three distinct step increases in current are separated by regions of negative differential
resistance (NDR) before the threshold is reached. The main difference between the I-V curves is
the marked increase in current for designs with large oscillator strength f21, especially for the last
two current steps. With the increase of f21 (D1 − D4), the current density rises to 0.22 kA/cm2
(D1) and 0.53 kA/cm2 (D4) in the second step, and to 1.0 kA/cm2 (D1) and 2.0 kA/cm2 (D4) in
the third step, indicating the enhanced effects of these two parasitic paths. It is also noted that in
each case there is no observable NDR region after the lasing range, which is normally observed
in three-well resonant phonon designs [11]. This indicates that the current keeps flowing after the
alignment of the subbands 1−3′′ is broken. Considering the applied voltages are quite high, it is
possible the carriers could leak into the higher states or continuum states [25, 26], which could
be another reason for the high current and the low operating temperatures. The effects of the
oscillator strength on the maximum operating temperature are shown in the inset of Fig. 3(a).
Due to the trade-off between oscillator strength and population inversion, an optimum value of
oscillator strength was found to be around f21 = 0.4 − 0.5.
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Fig. 3. (a) I-V characteristics of the four designs at 10 K. The regions of the I-V curves
shown in thicker lines indicate the lasing ranges. Inset: the maximum operating temperatures.
(b) Spectra of the four designs at 10 K, measured at the conditions of maximum output
power for each. All devices were processed into a gold-gold waveguide configuration, and
operated with 2-µs-long voltage pulses at a repetition rate of 10 kHz.
4. Numerical results
To analyze the parasitic paths and the temperature performance degradation, an extended density
matrix (DM) approach was used to simulate the carrier transport [27]. This approach is capable of
modelling QCLs with an arbitrary number of subbands, and there is no need to manually designate
an injector subband in advance. The subband wavefunctions for one period were calculated based
on a tight-binding model, in which a period of the QCL structure is embedded between thick
layers of the barrier material. These localized wavefunctions were also shifted along the growth
direction to upstream and downstream periods, and three neighboring periods were selected
in our DM approach. The assumption was made that carrier transport is determined only by
interperiod resonant tunneling and intraperiod scattering. The coherence coupling of the subbands
in the neighboring period was described by Rabi oscillations, with energy ~Ω, across the barrier
separating the periods. This coherence coupling is closely related with the resonant tunneling
time. The intraperiod transport was computed by Monte Carlo model [13] including phonon
scattering, electron-electron scattering, ionized impurity scattering and interface roughness
scattering (described by a Gaussian correlation function with an average root-mean-square step
height of 0.12 nm and an in-plain correlation length of 10 nm).
For our design, the periods are separated by the thickest barrier, i.e., the extraction barrier,
as shown in Fig. 1. Only three bound subbands in each period were considered and the effects
of continuum states were neglected. Based on the sequential resonant tunneling model [28],
the current is the sum of the tunneling current between neighboring periods, Ii j (i = 1 − 3,
j = 1′′ − 3′′). The calculated and measured I-V curves are compared in Fig. 4. Stimulated
emission was included self-consistently for the calculation of the I-V curve. A voltage drop of
2.5 V due to the Schottky barrier and a series contact resistance of 0.3 Ω were used to calibrate
the measured I-V curve. The calculation shows a good agreement with experimental results,
especially for the two current peaks at applied electric fields of 4.8 kV/cm and 15.7 kV/cm. Our
DM approach therefore allows the reliable analysis of parasitic current paths. The calculated gain
is also shown in Fig. 4. Its peak occurs at 20.5 kV/cm, which agrees well with the measured peak
in THz power at 20.2 kV/cm. The calculated threshold bias is 17.7 kV/cm, when an estimated
loss of 18 cm−1 is included for the gold-gold waveguide structure. This threshold bias is a little
smaller than the measured 18.7 kV/cm, indicating a small overestimation of the peak gain. The
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Fig. 5. Calculated resonant tunneling current between neighboring periods of design D2 at
10 K. (a) Total injection current contribution from the upstream period to different subbands
1, 2, and 3. i′ indicates subbands 1′, 2′ and 3′ in the upstream period. (b) Total extraction
current contribution from different subband levels to the downstream period. i′′ indicates
subbands 1′′, 2′′ and 3′′ in the downstream period.
disagreement of I-V curves at very high electric fields may be due to neglecting the current
through higher energy states and continuum states [25, 29].
The current between neighboring periods was analyzed in order to identify the parasitic paths.
The injection current from the upstream period is shown in Fig. 5(a) and the extraction current
to the downstream period is shown in Fig. 5(b). On the injection side, the relative contribution
of each subband to the total current changes dramatically at an electric field of 12 kV/cm. At
lower fields, the current from the upstream period is mainly injected into level 2, and at higher
fields, the current to level 3 increases rapidly and becomes the dominant contribution. On the
extraction side, the current to the downstream period mostly originates from levels 1 and 2, while
the contribution from level 3 is quite small. The current injected into level 3 flows to levels 2 and
1 through the assistance of intraperiod scattering processes. Since the resonant tunneling between
different neighboring periods are identical, the current paths can be identified by comparing
Figs. 5(a) and 5(b). When the electric field is lower than 12 kV/cm, the carriers are injected
from levels 1′ and 2′ to levels 2 and 1, and subsequently a fraction of the carriers in level 2
are scattered to level 1. Finally, the carriers in levels 1 and 2 are extracted to levels 2′′ and 1′′.
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The first parasitic current path at a bias of 4.8 kV/cm is mainly from levels 1′ →2→1→ 2′′,
where level 1 is aligned with level 2′′. When the electric field is higher than 12 kV/cm, levels 2
and 1 start to align with level 3′′. The carriers are then injected from levels 1′ and 2′ to level 3,
relax to levels 2 and 1, and finally are extracted to level 3′′. The second parasitic current path is
therefore from level 2′→3→2→ 3′′ and 1′→3→1→ 3′′, where the first path is dominant since
the scattering rate from level 3 to 2 is much larger than that from level 3 to 1 (shown in Fig. 6).
The parasitic current along path 2′→3→2→ 3′′ contributes more than half of the total current
at an electric field of 16.8 kV/cm, and 24% at the designed field of 20.5 kV/cm.
Figure 6 shows the temperature dependence of the lifetime of each subband and also the
related carrier transport time for design D2 at the design bias. Electrons in level 3 can transport
downstream to the next period by resonant tunneling, and to levels 2 and 1 by LO phonon
scattering. As shown in Fig. 6(a), the resonant tunneling time to the next period (τ3i′′) and the
scattering time to level 1 (τ31) are both ∼10 ps, which is much longer than the scattering time to
level 2 (τ32), which is 1.1 ps. The strong LO phonon scattering between levels 3 and 2 dominates
the carrier transport from level 3, and hence leads to the short lifetime of level 3, τ3 = 0.93 ps
at 10 K. Since the current from the upstream period is injected mainly to level 3 (see Fig. 5),
the short scattering time τ32 gives a high carrier injection efficiency of 83%. For subband 2, as
shown in Fig. 6(b), the resonant tunneling time (τ2i′′) is much shorter than the scattering time
(τ21) at 10 K, which reduces the lifetime of the subband level to τ2 = 2.6 ps. This short tunneling
time τ2i′′ is the reason for the large parasitic current from level 2 to 3′′. The lifetime of subband 1
is determined by fast resonant tunneling to level 3′′ of the downstream period. The short lifetime
of level 1, τ1 = 0.70 ps, results in population inversion between levels 2 and 1. With increasing
temperature, τ1 becomes longer due to dephasing effects; τ2 is further lowered by the scattering
processes, τ21; and τ32 increases a little due to LO phonon absorption. The rapid increase in the
lifetime of the lower laser level, τ1, from 0.7 ps to 3.1 ps suggests that the decrease of extraction
strength becomes the most important mechanism for the temperature degradation of the device
performance. In a similar resonant phonon design [30], the injection time and extraction time are
0.7 ps and 0.3 ps respectively, suggesting further optimization of the extractor is possible for our
designs. Thermally-activated LO phonon scattering seems to have less effect on the population
loss of the upper laser level, since strong resonant tunneling τ2i′′ is the main transport mechanism
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Fig. 7. Calculated carrier transport time of the key relaxation processes from subbands 3, 2
and 1 at the design biases for each versus the scaled oscillator strength.
for the carriers up to 237 K. The small increase of τ32 from 1.1 ps to 2.0 ps indicates the reduction
of injection efficiency has less effect on the temperature performance.
To better understand the effects of the scaled oscillator strength f21, the calculated carrier
transport time at the design bias is shown in Fig. 7. In our design, the barrier separating the two
active wells is thinned in order to increase f21. However, thinning this barrier also increases the
coupling of the levels 3 − 1 as well as the coupling of 2 − 3′′, which can be indicated by the
decrease of τ31 and τ23′′ . With the increase of f21, the stronger coupling of the levels 3 − 1 and
2−3′′ results in more carriers transporting through these paths. Note that τ23′′ is much smaller
than τ31, which means the coupling of the levels 2-3′′ dominates these parasitic paths for all four
designs. This suggests that suppression of this strong parasitic coupling could result in better
device performance, such as smaller current density and higher operating temperatures.
The optical gain (g ∝∆n21 f21, where ∆n21 is the population inversion) has a complex
dependency on the diagonality of the optical transition. To estimate the device performance,
the peak gain of the four designs was calculated and the results are shown in Fig. 8. At low
temperature (10 K), LO phonon scattering between the laser levels is weak and an increase in
f21 only results in a small decrease in ∆n21. The gain therefore increases from 22.1 cm−1 to
43.6 cm−1 as f21 varies from 0.32 to 0.82. At elevated temperatures, however, thermally activated
LO-phonon scattering becomes stronger, leading to a loss of population inversion. In this case,
the thermal degradation becomes more significant with increasing f21 because of the enhanced
LO phonon scattering between laser levels, and the maximum gain will consequently be obtained
at an optimum value of f21. The estimated maximum operating temperatures (Tmax) for designs
D1 to D4 are 108 K, 137 K, 151 K and 153 K, respectively. The measured Tmax are 103 K, 123 K,
113 K and 80 K, respectively, as shown in the inset of Fig. 3(a). The agreement for designs D1
and D2 is better than that for D3 and D4, and the difference between the calculated and measured
Tmax becomes larger with increasing f21. A number of factors, which are not included in our
model, may contribute to this discrepancy, and will be discussed next.
5. Discussion
In order to better understand the device performance, several factors arising from our model need
to be considered: (1) Continuum states and higher energy states; (2) Interface roughness; and (3)
Joule heating. Firstly, our devices are designed to operate at high voltages, and the I-V curves at
10 K don’t exhibit an obvious NDR behavior after the designed bias (see Fig. 3). At the same time,
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Fig. 8. Calculated peak gain of the four designs as a function of the lattice temperature. The
dotted line is the estimated loss of QCLs with gold-gold waveguide configurations.
there is a discrepancy between calculated and measured I-V curves in the high voltage range. This
indicates that continuum states or higher energy states may assist carrier transport from bound
states. Recently, thermally activated leakage into the continuum was found to be an important
limiting factor for the temperature performance [25, 26]. This mechanism may contribute to
the rapid rapid degradation of the performance of our designs with increasing temperature. As
such, including this mechanism in the simulations may help to reduce the discrepancy between
the measured and calculated maximum lasing temperatures, and also explain the sensitivity of
the maximum lasing temperature to the oscillator strength [31]. Secondly, interface roughness
scattering is particularly important in our design since our structures have thin quantum wells,
leading to an increase in the number of interfaces. The distribution of interface roughness was
found relevant for THz QCLs [32], and therefore an improved description of interface roughness
in our model may help to better estimate the device performance. Thirdly, our devices operate
with high currents, which may lead to much higher active region temperatures and electron
temperatures through Joule heating. This is another possible reason for reduced performance,
especially for the designs D3 and D4.
For further improvement of our structures, the parasitic current needs to be suppressed in the
initial stages of alignment. In this respect, a thicker extraction barrier or an additional extractor
well could be beneficial to weakening the coupling between the upper laser level and extractor
level. Application of higher barriers is another option, which could also help to reduce the carrier
leakage into the continuum.
6. Conclusion
We have presented experimental and numerical results for a set of extraction-controlled THz
QCLs with different radiative diagonality, in which the carrier injection and extraction are
achieved by using a single diagonal carrier-phonon scattering process. Such simple structures are
ideal for the investigation of scattering injection mechanisms. Based on our model, the parasitic
path through the upper laser level to the extractor level was found to relate to the large threshold
current density observed in our structures, which could be reduced by optimizing the extraction
coupling, leading to higher-temperature operation. We propose that the numerical techniques
developed in this work are widely applicable, and may be used for the analysis of parasitic
pathways, and subsequent performance optimisation of a wide range of QCL designs.
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